Objectives: To investigate the transmission of the gene encoding New Delhi metallo-b-lactamase-1 (bla NDM-1 ) through outer membrane vesicles (OMVs) released from an Acinetobacter baumannii strain (A_115).
Introduction
The efficiency with which an antibiotic resistance gene is transferred from one bacterium to another has huge clinical implications. How fast and how far the gene will spread depends largely on this competence to be transmitted. The antibiotic resistance gene encoding New Delhi metallo-b-lactamase-1 (NDM-1), which was first identified in 2009, has been detected in different geographical areas, clearly displaying its potential for intercontinental spread within a short span of time.
1,2 NDM-1 is a potent zinc-requiring class B MBL that hydrolyses all penicillins, cephalosporins and carbapenems except the monobactam aztreonam. Conjugative plasmids and the transposon Tn125 have contributed substantially to the promiscuity of this gene. [3] [4] [5] Apart from transfer via conjugation or transformation, another mode of transmission of resistance in Gram-negative bacteria (GNB) is through outer membrane vesicles (OMVs). Secretion of OMVs is a common phenomenon in GNB, in which outer membrane and periplasm are released naturally and constitutively in the form of spherical, lipid-bilayered vesicles during their growth. During biogenesis, OMVs enclose LPS, phospholipids and genetic elements (DNA and RNA) and some of the underlying periplasmic constituents, such as outer membrane proteins. 6 OMVs are part of a secretion-delivery system used by many GNB, which allows the longdistance dissemination of different bacterial proteins and DNA into the environment and promotes interaction with other cells, eliminating the need for bacterial contact.
OMVs can serve as a delivery system for antibiotic resistance genes, virulence genes or plasmids as these components are sheltered from DNases when present within the lumen of the vesicle. [7] [8] [9] [10] [11] Earlier studies have reported the transfer of a penicillin resistance gene in Neisseria gonorrhoea and an oxacillinase in Acinetobacter baumannii. 9, 12 Studies have also hypothesized that vesicles can influence antibiotic resistance in other bacteria by physical dissemination of antibiotic-inactivating enzymes. One organism that is infamous for the repertoire of resistance genes that it harbours is A. baumannii. Acinetobacter is a very serious problem in ICUs and carbapenem resistance in particular can make infections with Acinetobacter difficult to treat in clinical setups. Carbapenem resistance in Acinetobacter is mediated through the carbapenem-hydrolysing class D b-lactamases (OXA-23, OXA-58 and OXA-51) and to a lesser extent through MBLs (IMP, VIM, SIM, SPM, GIM, NDM). 13 In most cases, the acquisition of these antimicrobial resistance genes (except OXA-51) occurs through plasmids, integrons or transposons. 14, 15 Several studies have reported carbapenem resistance in A. baumannii due to NDM-1. [16] [17] [18] In addition, like other Gram-negative organisms, Acinetobacter has been reported to contain DNA within the lumen of OMVs and transfer them to other Acinetobacter strains. 8, 9 However, the transmission of bla NDM-1 by OMVs in A. baumannii has not been studied yet. The rapid spread of NDM-1 necessitates that this aspect of transmission of NDM-1 be explored. A recent study has shown the release of the active enzyme NDM-1 through vesicles, 19 but has not delineated the transmission of a mega-plasmid harbouring a functional bla NDM-1 gene through vesicles, the frequency of transmission and the potential of the bla NDM-1 gene to transform other cells. This study demonstrates the first experimental evidence of OMV-mediated transmission of bla NDM-1 in A. baumannii.
Materials and methods

Bacterial strains, antibiotic susceptibility and growth conditions
A clinical strain of A. baumannii (A_115) harbouring a mega-plasmid (122 kb) and possessing a bla NDM-1 gene was used for vesicle isolation. This strain was isolated from the blood of a septicaemic neonate from a tertiary care hospital. This strain was identified to the species level by amplified ribosomal DNA restriction analysis (ARDRA) 20 and gyrB2 multiplex PCR.
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MLST of the A_115 strain was performed with the Oxford MLST primers according to the A. baumannii MLST database (https://pubmlst.org/ abaumannii). The molecular characterization of A_115 was previously reported and the strain was found to harbour bla NDM-1 , bla OXA51 , bla AmpC and aac(6 0 )-Ib-cr genes as resistance determinants. 13 The bla NDM-1 gene was sequenced on both strands using primers 5 0 -CCAATATTATGCACCCGGTCG-3 0 /5 0 -ATGCGGGCCGTATGAGTGATTG-3 0 and found to be NDM-1. The bla NDM-1 gene was organized in a composite transposon between two copies of ISAba125. No other plasmid-mediated carbapenem resistance genes were found except the bla NDM-1 gene. 13 Antibiotic susceptibility was performed by Etest (bioMérieux, Marcyl' Etoile, France) for determination of MIC. For all experiments, this strain was grown in LB broth (Difco, Detroit, MI, USA) at 37 C with shaking (200 rpm) in the presence of meropenem (16 mg/L) for maintenance of the plasmid. A. baumannii ATCC 19606 and Escherichia coli JM109 were used as recipients for transformation experiments. These strains were also grown in LB at 37 C with shaking.
Isolation of OMVs
OMVs were isolated from late log-phase (16 h) culture of A_115. In brief, 500 mL of LB was inoculated with 5 mL of overnight culture medium and incubated at 37 C with shaking at 150 rpm in the presence of meropenem. The cells were pelleted by centrifugation (8500 rpm for 20 min) and the supernatant was filtered through a 0.22 lm membrane filter (Millipore Corporation, Bedford, MA, USA) to remove cells and cellular debris. The filtrate was subjected to ultracentrifugation (200000 g) for 2 h at 4 C using a T-865 rotor (Sorvall Instruments, USA). For washing the OMVs, the pellet suspended in PBS was ultracentrifuged (100000 g) for 45 min at 4 C using the same rotor. The pellet was finally resuspended in 400 lL of PBS and kept in ice. The OMVs were passed through a 0.22 lm membrane filter and spread onto a Luria agar (LA) plate to test for any bacterial growth. Preparations that were negative for bacterial growth were used for further experiments.
Purification of OMVs
Crude vesicles were purified by density gradient centrifugation on a discontinuous OptiPrep-iodixanol (Sigma, USA) gradient as described by Mondal et al. 22 Briefly, crude vesicles were adjusted to 45% OptiPrep in a final volume of 0.6 mL and transferred to the bottom of a 5 mL ultracentrifuge tube. Thirty-five percent to 5% OptiPrep/PBS layers were sequentially added to the centrifuged tubes and gradients were centrifuged (150000 g for 3 h at 4 C). Fractions of equal volume were sequentially removed and a portion of each fraction was subjected to 10% SDS-PAGE. Protein content of purified OMVs was estimated using the Bradford assay. 23 
Western blot analysis
For immunoblotting, the separated proteins were transferred onto a nitrocellulose membrane (Bio-Rad, USA) by the wet transfer method using a TransBlot apparatus (Bio-Rad, USA). The membrane was blocked with 3% BSA/ Tween 20. After incubation, the membrane was washed and incubated with rabbit anti-AbOmpA (1:1000 dilution) overnight. This was followed by incubation for 1 h at room temperature with a 1:10000 dilution of anti-rabbit horseradish peroxidase-conjugated secondary antibody (Thermo Fisher, USA). The blots were visualized with ECL Western Blotting Detection Reagent (Millipore, USA). A. baumannii OMVs contain OmpA (AbOmpA), a major outermembrane protein of A. baumannii. Thus, anti-AbOmpA was used for the detection of the fractions in western blot analysis. 10 
Quantification of OMVs and DNA in OMVs
The OMVs were quantified in terms of their protein content. The protein was estimated by the Bradford assay. 23 Intravesicular DNA was quantified following the method of Rumbo et al. 9 with a few modifications. Briefly, 20 lg of vesicle was first treated with 50 mg/L proteinase K (New England Biolabs, MA, USA) to hydrolyse the phage coats and release the phage contents and then treated with 2 U of DNase I (New England Biolabs) for 1 h at 37 C to hydrolyse the free and surface-associated DNA. The DNase was denatured by heat treatment at 80 C for 10 min. DNase-and proteinase K-treated vesicles were subsequently lysed with 0.125% Triton X-100 solution for 30 min at 37 C (Sigma-Aldrich, USA) and purified with a column-based PCR-clean up kit (Nucleospin, Macherey-Nagel, Düren) according to the manufacturer's instructions. The DNA was then quantified by using a spectrophotometer (BioPhotometer Plus, Eppendorf, Selangor, Malaysia) and this purified DNA was used for further PCRs (bla NDM-1 , bla OXA-51 , bla AmpC , aac(6 0 )-Ib-cr, ISAba125, ISAba125-bla NDM-1 and bla NDM-1 -ble MBL ) and dot-blot analysis. The bla NDM-1 and aac(6 0 )-Ib-cr genes were used as probes for hybridization procedures. The DNA probes were prepared using the AlkPhos Direct Labeling reagent according to the manufacturer's instructions (GE Healthcare Life Sciences). DNase I-and proteinase K-treated crude and purified OMVs were denatured by treating with 0.125% Triton X-100 (SigmaAldrich, USA) and the liberated DNA was purified with a Nucleospin gel and PCR cleanup kit (Macherey-Nagel, USA). Then, the purified DNA from OMVs was spotted on a Hybond nylon membrane, cross-linked and subjected to hybridization with the bla NDM-1 gene and aac(6 0 )-Ib-cr gene probes overnight. Blots were developed on an X-ray film using the CDP-Star reagent (GE Healthcare Life Sciences) following the manufacturer's instructions.
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Transmission electron microscopy
Twenty micrograms of purified OMVs was placed on carbon-coated nickel grids (300 mesh) (Sigma), stained with 2% aqueous uranyl acetate, rinsed and examined under a transmission electron microscope operating at 60 kV (FEI Tecnai 12; Bio, Twin, The Netherlands).
OMV-mediated transformation in liquid cultures
Transformation experiments were performed based on previously published methods with certain modifications. 9, 11 In brief, A. baumannii ATCC 19606 was grown in LB to an OD of 0.4 at 600 nm. Cells were resuspended in cold LB at 10 7 cfu/mL. The cell suspensions (60 lL) were mixed with different amounts of purified OMVs (containing 2, 10, 20 and 50 lg of protein). These suspensions were incubated statically for 4 h at 37 C and then for another 4 h with shaking (150 rpm) at 37 C. Ten millilitres of LB was then added to each suspension, and the suspensions were incubated overnight. The overnight cultures were then pelleted at 10000 rpm and resuspended in 1 mL of LB. An aliquot of 100 lL of the suspension was serially diluted and plated on LA alone (for total cell count) and supplemented with 8 mg/L meropenem (for plasmid selection) in the case of ATCC 19606 recipient strains. Transformation frequency was calculated as the number of transformants (cfu/mL) in the total cell count (cfu/mL). The percentage of transformants was calculated as the number of transformants (cfu/mL) in the total cell count (cfu/mL) multiplied by 100.
Transformation experiments were performed similarly using E. coli JM109 as recipient strain. The amount of OMVs used in this set of experiments was only 20 lg of protein without changing the other parameters. The transformants were selected on an LA plate with 2 mg/L meropenem. Successful transformation in E. coli JM109 was confirmed by biochemical tests.
To further confirm that the DNA transfer was vesicle mediated, two separate sets of experiments were performed with: (i) free plasmid DNA isolated from the A_115 strain; and (ii) 20 lg of vesicles treated with Triton X-100. All experiments were repeated twice.
Characterization of transformants
The transformants were characterized by several analyses. The presence of bla NDM-1 , aac(6 0 )-Ib-cr, ISAba125, ISAba125-bla NDM-1 and bla NDM-1 -ble MBL genes was confirmed in the transformants by PCR. The MIC values (mg/L) of different antibiotics were determined by Etests in the transformants. Phenotypic detection of MBL was carried out only in the ATCC 19606 transformant and the JM109 transformant using a combination disc test (Rosco Diagnostica A/S, Taastrup, Denmark) following the manufacturer's instructions. In brief, a positive test was interpreted as an increase of 5 mm in inhibition zone diameter around boronic acid and dipicolinic acid in comparison with the diameter with meropenem alone for AmpC and MBL, respectively, while an increase of 5 mm in diameter around clavulanic acid and cloxacillin against cefotaxime alone suggested ESBL and AmpC production, respectively. 24 
Effect of storage of OMVs on transformation
To evaluate the change (if any) in the plasmid transfer ability of the OMVs with time, transformation experiments were carried out using crude OMVs stored at #80 C for 1, 5, 7, 15 and 30 days to understand the change in potency of the plasmid transfer. The ATCC 19606 strain was transformed using DNase I-and proteinase K-treated and untreated OMVs (20 lg each) using a protocol similar to that discussed above. Transformants were serially diluted and plated on LA supplemented with 8 mg/L meropenem. Colonies were counted individually to estimate the transformation frequency of the stored OMVs.
Plasmid analysis
Plasmids from ATCC 19606 and JM109 transformants were purified by the method of Kado and Liu 25 and were subsequently assessed for number and size (approximate) using Shigella flexneri 2a YSH6000 as megaplasmid marker.
To demonstrate the presence of the same plasmid in A_115 and both of the transformants (ATCC 19606 and JM109), the purified plasmids were digested with EcoRI (4 U; New England Biolabs) and restriction patterns were analysed visually in a 1.5% agarose gel.
PFGE
PFGE was carried out for A. baumannii (A_115), the recipient strain (ATCC 19606) and four of the representative ATCC 19606 transformants using ApaI (New England Biolabs) as restriction enzyme in a CHEF-DR III apparatus (Bio-Rad) according to the previously reported protocol. 26 PFGE for the E. coli transformants and the recipient strain (JM109) was carried out using XbaI (New England Biolabs) as restriction enzyme (https://www.cdc.gov/pul senet/pdf/ecoli-shigella-salmonella-pfge-protocol-508c.pdf).
Results
Release of bla NDM-1 -harbouring OMVs from A. baumannii and transmission electron microscope study A. baumannii (ST 1462) actively releases OMVs at the late log phase of growth. A preparation of crude OMVs that was subjected to density gradient ultracentrifugation showed that AbOmpA-reactive bands were present in fractions 12-18 (15%-30% OptiPrep) (Figure 1 ). Fractions 13 and 14 showed the highest reactivity in immunoblotting against OmpA. Crude and purified (fraction 14) OMVs were visualized as electron-dense particles; they were uniform and spherical in shape and their diameters ranged between 25 and 100 nm ( Figure  2 ). Protein patterns of crude OMVs and purified fractions were identical in SDS-PAGE analysis ( Figure S1 , available as Supplementary data at JAC Online). The 38.4 kDa band of OmpA of A. baumannii was observed in both the crude and purified fractions of OMVs. 24 The purity of the OMVs was confirmed as there was no bacterial growth on the LA plate and no bacteria were visualized under the microscope.
The average protein and DNA concentrations (mean values of three experiments) of the crude vesicle preparation were 2.3 mg/mL and 20 ng/lL, respectively. The protein concentration of the purified vesicle preparation was 2.1 mg/mL and the DNA concentration was 22 ng/lL. The DNA purified from the vesicles gave specific amplified products for bla NDM-1 , aac(6 0 )-Ib-cr, ISAba125, ISAba125-bla NDM-1 and bla NDM-1 -ble MBL genes except bla OXA-51 and bla AmpC . The OMVs collected from the A_115 strain hybridized with the bla NDM-1 and aac(6 0 )-Ib-cr probe, as shown in Figure 3 . This result implies that OMVs carried the plasmid that harboured bla NDM-1 and aac(6 0 )-Ib-cr genes. Transmission of NDM-1 via OMVs in Acinetobacter
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Vesicle-mediated transformation
The transformation experiments were successful in both A. baumannii ATCC 19606 and E. coli JM109 using different amounts (2, 10, 20 and 50 lg of protein for ATCC 19606 and only 20 lg for JM109) of crude and purified OMVs ( Table 1 ). The transformation frequency with the purified OMVs was higher than that with the crude OMVs, implying that purification increases the transformation frequency (Table 1) . No transformants were obtained when the free plasmid (6 ng) isolated from the clinical strain was incubated with the ATCC 19606 strain or with 20 lg of OMVs previously lysed with Triton X-100. A gradual reduction in transformation frequency was noted when transformation was carried out with both treated and untreated crude OMVs stored at #80 C for increasing periods of time (Table 2) . Maximum numbers of transformants were observed with untreated vesicles on the first day of storage. Though the frequency was reduced, some transformants could be isolated until 15 days. When the same experiment was carried out with vesicles on the 30th day of storage, no transformants were obtained in both treated and untreated vesicles. (Table 3) . Transformants also showed elevated MIC values of ciprofloxacin, which indicates the possible transfer of aac(6 0 )-Ib-cr. A difference in zone diameter of 10 mm in meropenem/dipicolinic acid combination discs against meropenem in both the ATCC 19606 and the JM109 transformants indicated the phenotypic expression of the MBL (bla NDM-1 ). No augmentation in zone diameter was observed in other combination discs (meropenem ! boronic acid/meropenem, cefotaxime ! clavulinic acid/cefotaxime and cefotaxime ! cloxacillin/cefotaxime).
Characterization of the transformants
PFGE and plasmid analysis
PFGE revealed that the transformants of ATCC 19606 and JM109 were indistinguishable from the recipient strains ATCC 19606 and JM109, respectively ( Figure S2 ). The band profile of the A_115 A. baumannii strain was distinct from those of the recipients and transformants.
Plasmids isolated from ATCC 19606 and JM109 transformants were of similar sizes when compared with the plasmid isolated from A_115 (Figure 4) . The EcoRI-digested pattern of plasmids from WT (A_115) matches that of the digested plasmids from ATCC 19606 and JM109 transformants (Figure 4 ).
Discussion
The exchange of genes, particularly those conferring antibiotic resistance, is commonly seen among distantly related species, leading to rapid spread of resistance. The bla NDM-1 gene, which encodes an MBL, is reported to have originated in A. baumannii 27 and has now been isolated from diverse GNB. The role of membrane vesicles isolated from A. baumannii in the transfer of bla NDM-1 is the focal point of this study. The study not only provides evidence for the presence of the bla NDM-1 gene inside the vesicle, but also shows the transmission of the entire mega-plasmid carrying the gene to A. baumannii and E. coli recipient cells via vesicles.
Our observations as well as previously published studies clearly show that the luminal DNA was protected from DNases within the OMVs, thus favouring the horizontal gene transfer of DNA and probably conferring an additional advantage to microorganisms that are able to release OMVs. 9, 11 The frequency of transformation carried out with the purified vesicle was in the range of 10 #5 -10
#6
, whereas the transformation frequency with the crude vesicle was in the 10 #8 range, implying that the purification process increases the frequency of transformation. The number of transformants increased with increasing amounts of OMVs added to the recipient cells. In contrast, when recipient cells were transformed using free plasmid DNA no colonies were obtained, suggesting that this transfer was solely vesicle mediated. The potency of the stored OMVs in transferring their DNA persisted up to 15 days, although the number of transformants gradually decreased over time.
Previous studies reported that mega-plasmids harbouring antibiotic resistance markers were enclosed within large vesicles in the range of 50-200 nm 28 and OMVs isolated in this study were in the range 25-100 nm and possessed mega-plasmids, corroborating the earlier findings. The elevated MIC values of cephalosporins, carbapenems and fluoroquinolones for the transformants when compared with those for recipient strains were proof of the presence of active enzymes. The aac(6 0 )-Ib-cr gene, which modifies aminoglycoside and fluoroquinolones, was carried in the same plasmid, suggesting co-transmission with bla NDM-1 . PCR analysis also revealed the presence of the transposon Tn125 linked with the bla NDM-1 gene. The presence of Tn125 is indicative of bla NDM-1 organized within a composite transposon and this is in accord with previous studies where bla NDM-1 was transferred by conjugation. 
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No colonies were observed when the free plasmid isolated from A_115 was incubated with the ATCC 19606 strain or with 20 lg of OMVs previously lysed with Triton X-100. 
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A very recent and detailed study by Gonz alez et al. 19 showed that membrane anchoring contributes to the unusual stability of NDM-1 and favours the secretion of this enzyme by OMVs. They also showed the presence of the bla NDM-1 gene inside the E. coli vesicle lumen, but the transfer of the bla NDM-1 gene into recipient cells was not demonstrated. Renelli et al. 30 also showed that OMVs from Pseudomonas aeruginosa were unable to transfer DNA to either Pseudomonas or E. coli. Though all GNB are known to produce OMVs, successful OMV-mediated transfer of DNA may require certain attributes that are not present in all GNB. Previous studies and the present one show that Acinetobacter spp. can successfully transfer genetic material from OMVs to recipient cells. 8, 9 The present study demonstrates the presence as well as the intra-species (A. baumannii) or inter-species (E. coli) transfer of an intact plasmid harbouring a bla NDM-1 gene in an active form and also with high transformation ability without losing viability. We demonstrate for the first time the dissemination of a potent, recently identified carbapenem resistance gene, bla NDM-1 , via OMVs produced by A. baumannii. This is a novel method of horizontal transfer of this gene, making the situation much more worrisome. Chatterjee et al.
